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plasmonic material in the THz region. 
 
Abstract  
Recently, heavily doped semiconductors are emerging as an alternate for low loss plasmonic 
materials. InN, belonging to the group III nitrides, possesses the unique property of surface 
electron accumulation (SEA) which provides two dimensional electron gas (2DEG) system.  
In this report, we demonstrated the surface plasmon properties of InN nanoparticles 
originating from SEA using the real space mapping of the surface plasmon fields for the first 
time. The SEA is confirmed by Raman studies which are further corroborated by 
photoluminescence and photoemission spectroscopic studies. The frequency of 2DEG 
corresponding to SEA is found to be in the THz region.  The periodic fringes are observed in 
the nearfield scanning optical microscopic images of InN nanostructures. The observed 
fringes are attributed to the interference of propagated and back reflected surface plasmon 
polaritons (SPPs).  The observation of SPPs is solely attributed to the 2DEG corresponding to 
the SEA of InN. In addition, resonance kind of behavior with the enhancement of the near-
field intensity is observed in the near-field images of InN nanostructures. Observation of 
SPPs indicates that InN with SEA can be a promising THz plasmonic material for the light 
confinement.  
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1. Introduction  
 In the last decade surface plasmons, categorized as plasmonics, is widely studied 
because of its potentiality in the miniaturization of photonic devices and other widespread 
applications in the multiple fields like biological and chemical sensing [15]. Surface 
plasmon is collective oscillations of conduction band electrons excited by the electromagnetic 
waves. The surface plasmons have the two fundamental excitations such as localized surface 
plasmon resonance (LSPR) and propagating surface plasmon polaritons (SPPs). The SPPs are 
propagating electromagnetic waves along the metal and dielectric interface, which are 
confined along the interface region. The most spectacular application of the SPP is its ability 
to confine and guide the light in the sub-wavelength structures by overcoming the Abbe's 
diffraction limit [6, 7]. So far, the most studied plasmonic materials are Au and Ag, which 
show LSPR phenomenon in the infra-red (IR) to the visible region. Even though major 
studied plasmonic materials are noble metals, however, use of metal nanoparticles is having 
its own limitations because of the plasmonic losses. In this context, low-loss plasmonic 
metamaterials [8], and semiconductors with sufficiently high carrier density can be the 
alternative for metallic nanostructures in the field of plasmonics [9, 10].
 
In case of 
semiconductors, the LSPR frequency can be achieved up to near infrared range [11]. 
Moreover, plasmonics based on metals is static in nature. The carrier concentration, and 
subsequently the plasmonic properties of semiconductors can be readily altered with doping 
in semiconductors. Thus, the semiconductor nanoparticles with varying carrier concentration 
can offer the dynamic plasmonic nature [12]. Till now the metal chalcogenides and metal 
oxides are studied for their plasmonic properties [13, 14]. Recently, two-dimensional (2D) 
plasmons in graphene have generated lot of curiosity because of its terahertz (THz) resonance 
frequency [1519]. In case of 3D plasmonic material, the plasmon frequency (p) is scaled 
with square root of carrier density of the system. On the other hand, p depends on the in-
plane wave vector as well as areal carrier density in case of the 2D plasmonics [2022]. The 
plasmon frequency of two-dimensional electron gases (2DEG) is written as  
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where ns is the areal carrier density of 2D electron gas, m
*
effective mass of electron, 1 and 2 
are the dielectric constants of the substrate and surrounding media, q is the in-plane wave 
vector, and d is the thickness of the two-dimensional electron system. 
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The plasmonics of the graphene [15-19] is attributed the 2D mass-less Dirac 
Fermions. The plasmon resonance frequency of graphene is observed in the terahertz (THz) 
region [15]. The carrier density in the graphene, and subsequently the plasmon resonance 
frequency is readily varied using applied gate voltage. F. Zhe et al. [17], reported 2D 
plasmon excitations of Dirac Fermions using the infrared (IR) nanoscopy. Later, real space 
imaging of plasmon fields of graphene is carried out using the scattering-type scanning near-
field optical microscopy (s-SNOM) [18, 19]. Periodic fringes are observed in the s-SNOM 
images, which are attributed to the SPPs of Dirac Fermions.  Even though graphene plasmon 
frequency is in the range of THz, the wavelength of SPPs ( 260 nm) is observed forty times 
less than the excitation wavelength. The extreme compression of the plasmon wavelength is 
attributed to the two-dimensionality and unique conductance of the graphene.  In addition, 
shortening of the SPP wavelength is governed by the fine-structure constant ( =1/137). The 
relationship between excitation and plasmon wavelength is given by [19],   
                                p/o [4/((+1)] (EF/Ep)  (2) 
where p, o are the plasmon and excited wavelength respectively; EF and Ep are Fermi energy 
and plasmon energy, respectively, and  is the dielectric constant of  the substrate.  
2D plasmons can also be observed in the semiconductor inversion layers such as Si 
and GaAs [2022]. Recently, Dirac plasmons are also observed in the topological insulators 
because of the downward bending near the surface region [23]. However, materials like InAs, 
InN possess the inherent surface electron accumulation (SEA) which can act as a 2DEG. 
Among these, InN is reported to possess the higher amount of sheet carrier density as 
compared to that of InAs [24]. In this context, InN is the material which belongs to the III-
nitride family and is having the unique property of possessing SEA [2528]. InN attained a 
lot of interest in the research community because of the SEA, and superior electronic 
properties.  The lowest effective electron mass and highest saturation velocity, as compared 
to other III-nitride semiconductors are the reasons for superior electronic properties of InN 
[29].
 
As a result, low field mobility of InN can reach up to 10,000 cm
2
V
1
s
1
[30]. The origin 
of the SEA is attributed to the location of the branch point energy (EBP), which is the 
transition energy level of the donor to acceptor type states. In case of InN, the EBP is located 
above the conduction band minima; consequently there can be donor-type surface states in 
the conduction band. These donor-type surface states discharge their electrons into the 
conduction band by acquiring a positive charge. In order to compensate the positive charge of 
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the surface states, electrons are accumulated near surface region. Moreover, downward band 
bending takes place near the surface region because of the positive charge of surface states 
[2528]. The electrons in the SEA behaves like 2DEG which is confined in the direction 
perpendicular to the surface and free to move along the surface [26]. The sheet carrier density 
of the SEA is readily tuned using the growth parameters, [26]
 
as well as external doping [27]. 
T. V. Subina et al. [32, 33],
 
have reported the plasmonic properties of nanocomposites 
comprising of metallic In nanoparticles embedded in the InN matrix (In-InN). It was 
observed that optical properties of pure InN and In-InN composites are significantly different. 
The optical properties such as scattering, absorption, and emission of nanocomposites are 
controlled by Mie resonances of In nanoparticles. Mie resonance of In nanoparticles in InN 
matrix is observed in the energy range of 0.7-1 eV. Recently, THz emission from the InN 
films was also observed [34, 35]. The THz emission is attributed to the emission from the 
SPPs with the random grating coupling [34, 35]. Here, the SPPs are generated because of the 
2DEG in the SEA. 
In the present report, we explore the surface plasmon properties of the InN 
nanostructures using the real space mappingof the surface plasmon fields, for the first time, 
using near-field scanning optical microscopy (NSOM) technique. In this study, we have 
selected the high optical quality InN nanoparticles grown at different temperatures in the 
atmospheric chemical vapor deposition (APCVD) technique.  The SEA of InN nanostructures 
is confirmed by Raman spectroscopy, which is further corroborated by photoluminescence 
(PL) and photoemission spectroscopic (PES) analyses. Tuning of the surface sheet carrier 
density of SEA is achieved by varying the growth temperature. The NSOM images show the 
presence of the periodic fringes because of the generation of SPPs originating from 2DEG 
corresponding to SEA. 
2. Experimental details 
2.1 Sample preparation 
InN nanostructures were grown on crystalline (0001) oriented Al2O3 substrate at three 
different temperatures of 580 
o
C (sample A), 620 
o
C (sample B) and 630 
o
C (sample C) using 
the APCVD technique. The experimental details were detailed elsewhere [36].  
2.2 Characterisation techniques    
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Morphology of nanostructures was studied by field emission scanning electron microscope 
(FESEM; AURIGA, Zeiss). Vibrational properties were studied using the Raman 
spectroscopy (inVia, Renishaw, UK) with the excitation of 514.5 nm laser in the 
backscattering geometry. Subsequently, the scattered light was detected using a charge 
coupled device (CCD) and a 1800 gr·mm
-1
 grating for monochromatization. The PL 
measurements were also carried out with same setup using the 785 nm laser excitation. 
Emitted luminescence was monochromatized using a 600 gr·mm
-1
 grating and was collected 
using a single channel InGaAs photodetector in the backscattering geometry. Structural 
studies using glancing incidence X-ray diffraction (GIXRD; Bruker, D8 Discover) was 
performed using Cu K (= 1.5406 Å) line (supporting information (SI), Figure S1). 
Photoemission measurements were carried out at Raja Ramanna Centre for Advanced 
Technology (RRCAT), Indore, India. Valence band (VB) spectra were recorded using a 
PHOIBOS 150 hemispherical analyzer with monochromatic He-I source (21.218 eV). 
Vacuum inside the analysis chamber during experiment was ~8×10
11
 mbar. The samples A, 
B were sputtered in situ by Ar
+
 with beam energy of 500 eV and current of 5 mA for 2 
minutes. Sample C was sputtered with a beam energy of 500 eV and current of 3 mA for 20 
sec.   
 The surface plasmons properties of InN nanostructures were explored using near-field 
imaging with the aid of NSOM technique (MultiView 4000, Nanonics Imaging Ltd., Israel). 
In the present study, the excitation of SPPs and their intensity distribution were imaged using 
the apertured NSOM probe in the reflection mode (schematic in SI, Fig. S2). In this particular 
study, 532 nm laser excitation and a 100 nm Cr-Au metal coated apertured tip was used in 
the near-field. The MultiView 4000 uses normal force tuning fork technology with a high Q 
factor and phase feedback to allow control of the probe/sample separation. Scattered light 
was collected with confocal detection using 50 X objective lens of the numerical aperture 
0.42. The scattered light was detected using an avalanche photodiode (APD) single photon 
counter (Sens-Tech, Model DM0087C). The AFM scanning was carried in intermittent 
(tapping) mode with the raster scanning using the fast and slow axis movements. This 
tracking mode enabled us to get the trace and re-trace images. In the present report, all scans 
were carried out with a scan rate of 20 ms/point and the integration time of photon counter 
was 20 ms. Thus, the simultaneous topographic image was also acquired along with the 
intensity distribution of surface plasmon scattering. As a result of slow scan rates of 20 
ms/point, artifacts can be observed in AFM and NSOM images because of the sample drift. 
However, scan rate is limited by the integration time of the photon counter. The scan rate 
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should be greater than or equal to the photon counter integration time for a meaningful 
measurement. 
3. Results and discussion 
3.1 Optical and correlated surface electronic properties  
 InN nanostructures, grown on the sapphire substrates using the APCVD technique 
with metallic In and reactive NH3 as precursors at three different temperatures, 580 
o
C 
(sample A), 620 
o
C (sample B) and 630 
o
C (sample C) are used for the study. Figures 
1(a)1(c) show the typical morphology of nanostructures corresponding to samples A, B, and 
C, respectively. The FESEM microscopic study shows that nanostructures are devoid of any 
particular shape and are having complete random morphology. 
 
Figure 1. (a)-(c) FESEM micrographs showing the random nanostructures grown at 580 
o
C 
(sample A), 620 
o
C (sample B) and 630 
o
C (sample C); (d)-(f) their corresponding Raman 
spectra, and (g)-(i) PL spectra. Vertical dashed line in (d)-(f) indicating the red shift in the 
A1(LO) phonon mode with increasing growth temperature.   
 As discussed earlier, InN possesses SEA which can influence its vibrational and 
optical properties. The longitudinal optical (LO) phonon modes create the microscopic 
electric field during the vibration, and as a result, the LO phonon modes are expected to 
couple with free carrier density through the Fröhlich interaction. The coupling of LO phonon 
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mode and carrier density leads to the observation of plasmon-phonon coupling modes (PCPs) 
in the vibrational spectrum [36, 37]. Room temperature Raman spectra of samples A, B and C 
are shown in Figures 1(d)1(f), respectively. The distinct peaks are observed around the 
wave numbers of 87, 445, 490 and 580 cm
1
 which correspond to the symmetry allowed 
modes of E2(low), transverse optic A1(TO), E2(high) and A1(LO) phonon of the wurtzite InN, 
respectively. The redshift in the A1(LO) phonon mode is observed with increasing the growth 
temperature i.e. sample A to sample C. Interestingly, instead of coupling modes, a difference 
in the line shape of the A1(LO) phonon mode with asymmetric broadening is observed in 
samples B and C as compared to that for the sample A. The asymmetric line shape of the 
A1(LO) mode is attributed to the Fano interference between carrier density and the A1(LO) 
phonon modes. Usually, Fano line shape arises because of the interference between discrete 
phonon modes and background continuum electron transitions in the system [38].
 
The 
asymmetric line shape of A1(LO) phonon mode elucidates the fact that samples B and C may 
be having higher carrier density in the system as compared to that for the sample A. It may be 
understood from the following facts that the probability of formation of N vacancies 
increases with increasing growth temperature because of the low thermal stability of InN 
[36]. At the same time, N vacancies contribute to the background carrier density [29],
 
leading 
to asymmetric broadening of A1(LO) phonon mode. For the sake of clarity, similar kind of 
asymmetric line shape of A1(LO) phonon mode, as well as increase in FWHM, are observed 
for all samples grown above the 620 
o
C (not shown in picture). 
  In addition to the asymmetric broadening of A1(LO) phonon, there is a striking 
difference in the Raman spectra (Figures 1(d)1(f)) near the low wavenumber region. In case 
of samples B and C, there is a tiny peak emerging around 57 cm
-1
. As the growth temperature 
increases this peak is strengthened (sample C), which is clearly visible in the spectra. The 
low-frequency spectral feature may be attributed to the plasmon excitation in the InN 
nanostructures system. However, the bulk plasmon frequency of the present nanostructures 
with the carrier density of 2.53  1019 cm-3 is calculated to be 2168 cm-1. The carrier density 
is estimated from the Burstein-Moss (BM) shift in PL spectra (discussed in the subsequent 
section). In addition, the LSPR frequency of the In clusters in the InN matrix, if at all present, 
is reported to be in the range of 0.51 eV (40338100 cm1) [32, 33]. Thus, the observed 
low-frequency spectral feature can neither be attributed to the bulk plasmon frequency nor as 
the LSPR of In clusters of InN matrix. The low-frequency peak may originate because of 2D 
plasmonic oscillations of SEA. It was earlier reported that 2D plasmonic oscillations can be 
probed using the Raman spectroscopy [21, 22]. The condition for the excitation of the 2D 
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plasmons in layered structure is k||d  1, where k|| is the in-plane wave vector and d is the 
thickness of the layered structure [21]. In backscattering geometry, the in-plane wave vectors 
can be written as the k||= (2/) (cos-sin), where  is the angle between the incident beam 
and normal to the surface [21]. Here, the angle between the incident and scattered light is 
assumed as 90 degrees. Because of the random alignment nano-crystals with respect to 
incident laser, the minimum and the maximum in-plane wave vector transfer occurs at angles 
of 45 and 0 degrees, respectively. The width of the SEA of the InN is in the range 4-10 nm 
[36], and the maximum in-plane wave vector is  2/ (0) which fulfil the condition for 
the 2D plasmon excitation. As a result, observed low-frequency mode is assigned as 2D 
plasmon peak. To corroborate the assignment of this peak, we calculated the 2D plasmon 
frequency of SEA for InN using the Equation (1). Figure 2(a) shows the variation of the 
plasma frequency of with respect to the areal carrier density. For the calculation of plasmon 
frequency, the bulk InN is taken as the substrate (1= 14), width of the SEA is 6 nm and m* 
as 0.13mo (mo, rest mass of electron) in SEA region [35]. 
 
Figure 2. a) Sheet carrier density dependent 2D plasmon frequency of 2DEG corresponding 
to SEA of InN and its b) Dispersion curve.  
The calculated plasma frequency (Figure 2a) is of the order of the observed low-frequency 
peak in the Raman spectra. The observed plasma frequency (57 cm
-1
  1.7 THz) in the 
Raman spectra (Figures 1(b), 1(c)) corresponds to the areal carrier density 1.3 1013 cm-2, 
which closely matches with earlier reported values [39]. The bulk carrier density calculated 
from the BM shift, which is discussed in subsequent section, is also supportive to our 
assignment of the 2D plasmon peak. In addition, Figure 2(b) shows the dispersion curve of 
2D plasmons for InN for a given carrier density 1.3 1013 cm-2. Moreover, it is observed that 
the plasmon frequency blue shifts as the growth temperature increases above 620 
o
C (SI, 
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Figure S3). As discussed earlier, carrier density is increased as there is an increase in growth 
temperature. As a result, 2D plasmon frequency increases with increasing growth 
temperature. The plasmonic property is corroborated by the PL emission studies of these 
nanostructures. The integrated PL intensity of high temperature grown samples (B and C) is 
higher than that of the low temperature grown sample A (Figures 1(g)-1(i)), indicating 
possibility of higher amount of SEA for InN nanostructures in the formers [40].
 
The 
broadening of band edge emission is attributed to the combination of radiative recombination 
processes in the surface region where the carrier density is high, as well as in the bulk of the 
medium where there is a low carrier density. The observed redshift in the PL emission with 
increasing growth temperature is attributed to hydrostatic relaxation of compressive strain, 
which is developed during the growth because of lattice parameter as well as the thermal 
mismatch between the substrate and grown material [41].
 
Usually, the strain developed by the 
native defects is hydrostatic in nature. In the present case, relaxation of compressive strain 
takes place with the formation of native defect comprising N vacancy. The redshift of A1(LO) 
phonon mode (Figures 1(d)-1(f)) in the Raman spectra clearly indicates the relaxation of 
compressive strain with increasing growth temperature.  
Unlike thin films it is very difficult to measure the carrier density directly, as our 
samples are nanoparticles in nature. One can calculate the carrier density using the BM shift 
[42], 
                          3
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where m
*
 is the reduced mass of the electron-hole pair, BM is the energy shift from the 
original band gap and ne is the carrier density in the system. For the calculation of carrier 
density using BM shift, the value of 0.75 eV is taken as intrinsic band gap of InN and m* is 
0.052mo (electron effective mass, me
*
=0.06mo and hole effective mass, mh
*
=0.44mo) [43].
 
The 
shift is calculated from high emission point in the PL spectra, which show the BM shift as 
0.45 eV. The carrier density, ne from the BM shift is calculated to be 2.5310
19 
cm
-3
 using 
Equation (3). The calculated values of carrier density represent the bulk carrier density. 
However, one can expect the sheet carrier density to be more than an order of the bulk carrier 
density because of the SEA [39]. Presence of high amount of SEA, thus can originate 
plasmon peak in the THz frequency [34, 35].  
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 On the other hand, PES technique is a well-established technique for studying the 
SEA. The UV photoemission spectroscopy (UPS) technique is employed to study the valence 
band spectrum (VBS) of InN nanostructures for the analysis of SEA because of its surface 
sensitivity. Figure 3(a) shows the VB spectra collected from the samples A, B and C. The 
position of valence band onset with respect to the Fermi level (EF) is estimated from the 
 
Figure 3. a) VB photoemission spectra of sample A (580 
o
C grown), B (620 
o
C grown) and C 
(630 
o
C grown). b) Pinning of Fermi level (EF) into the conduction band shown increasing 
with increasing growth temperature. The line shown is a guide for eyes only.  
intersection of the baseline and extrapolation line of the leading edge of the VB spectrum 
[44]. The methodology of determining the EF is explained in the SI. The positions of the 
valence band onset of the samples A, B and C are estimated to be 1.11, 2.90 and 3.09 eV 
below the EF, respectively (Figure 3(a)). However, the VB spectra of InN are shadowed 
(especially for the sample C) by the O related emission (~6 eV), which may originate from 
the Al2O3 substrate as the nanostructures are grown non-uniformly on the substrate (Figures 
1(a)1(c)). It is worth mentioning that we have not observed any peaks corresponding to 
indium oxide in the Raman studies (Figures 1(d)1(f)). So the role of O in the InN sub-lattice 
may be ruled out in the VB spectra. However, we found almost monotonous blue shift of VB 
spectra with increasing growth temperature. The shift cannot be related to O, as the substrate 
is same for all the samples. Thus, the blue shift in the VB spectra for samples with different 
growth temperatures is essentially the characteristic of InN (Figure 3(b)). In the present case, 
since the band gap of InN is in the range of 0.8-1.1 eV (Figures 1(g)-1(i)), the positions of 
valence band onset of the samples indicate that the EF is pinned into the conduction band. 
The pinning of the EF into the conduction band results in the downward surface band bending 
with the accumulation of surface electrons in these samples (SI, schematic Figure S4).  
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3.2 NSOM imaging and its correlation to LSPR and SPP 
 It is well known that the propagating electromagnetic waves and the SPPs always 
have momentum (k) mismatch in their dispersion curves [1, 5].
 
To overcome the momentum 
mismatch, aperture NSOM probe is used to excite the SPPs. The light passing through the 
sub-wavelength aperture possesses higher spatial frequencies, which are required to excite 
SPPs [5]. These spatial frequencies, however, are not present in the propagating light.
 
The 
range of spatial frequencies (1/a to 1/), available at the aperture, depends on the size of the 
aperture (a) and distance from it. Thus, the resolution of optical microscopy is increased by 
utilizing the evanescent field produced by a sub-wavelength aperture in the near-field. The 
resolution, however, depends on the size of aperture not with the wavelength of light [45]. In 
the present report, isolated nanoparticles with size up to 50 nm are imaged with an aperture 
size of 100 nm.  
 Topographic (Figures 4(a)(c)) and corresponding NSOM images (Figures 4(d)(f)) 
of nanostructures are shown for the sample A. The images, shown in figure 4(a) and 4(b), 
correspond to the two different areas of the sample A. However, image shown in figure 4(c) 
is the zoomed scan of the figure 4(b) (dashed area). The scale shown in NSOM images 
represents the counts per second of a single photon counter for a given integration time. The 
topography and NSOM images allow to directly correlate the optical intensity distribution 
with the structural image. The correlation between the topography and the NSOM images 
improved in zoomed scan because of effective scan rate is increased. The observed optical 
contrasts in the NSOM images are attributed to the intrinsic properties of individual 
nanoparticles.  In case of scattered type NSOM with noble metal nanoparticle at the end of 
the tip, the image can be understood based on the quasi-static approximation. The amplitude 
of the scattering intensity depends on the effective polarizability of the tip, which has the 
contribution from the tip as well as the image dipole in the sample [46].
 
However, in the 
present case imaging of the nanostructures is performed using the aperture probe with light 
emitting from the aperture being considered as the point light source [47].
 
In the aperture 
case, there is always the same dipole defined by the aperture and the alternations in the 
contrast are due to changes in the dielectric properties of the sample or with the dipolar angle 
of a molecule interacting with the constant dipole [48]. 
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Figure 4. (a, b, c) Topography of sample A and their corresponding (d, e, f) NSOM images, 
respectively. Observed optical contrasts in the NSOM images attributed to variation in the 
carrier density of individual nanoparticles. Raw data is shown in the supporting information 
(SI, Fig. S5).  
 Thus, one can think that the sample polarizability is the sole reason for the observed 
optical contrast in the NSOM image and the near-field scattering from the individual 
nanoparticles depends on the local dielectric function of the sample (s). In case of the doped 
semiconductor, the dielectric function of the sample can be written as s()=Opt + Drude, 
where opt is the contribution from bound electrons and Drude is the Drude’s contribution to 
the dielectric function [49]. The Drude part of the dielectric function is attributed the free 
carrier density in the system and the complex dielectric function of the sample can be further 
written as, 
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where  is the excitation frequency; p is the plasma frequency which is related to free 
carrier density (n), and electronic charge (e); o is the static dielectric constant and   is the 
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damping constant [49]. Since VBS shows that there is a negligible amount of SEA for the 
sample A (Figure 3(a)) and Raman spectroscopic study does not show any plasmon related 
peak (Figure 1(d)). Thus, sample A is considered as a lightly doped semiconductor as 
compared to those for the samples B and C. The free carrier density available in the system is 
attributed to the background carrier density instead of the SEA. For simplicity, if we neglect 
the damping parameter in Equation (4), dielectric function is solely dependent on p and . 
In case of lightly doped semiconductors, p is significantly lower than the   (2.32 eV in the 
present study). There can be free carrier absorption of light for  > p. Thus, the optical 
contrast in NSOM image (Figure 4) is attributed to free carrier absorption of the 
nanoparticles. The contrast in the NSOM images, however, depends on the carrier density of 
the individual nanoparticles. Nanoparticles, which are having high carrier density show 
significant absorption due to available free carriers [49]. Thus, with the variation of local 
carrier density there is a variation in absorption and hence in the scattered light intensities 
leading to the variation in the optical contrast of NSOM images, as it appears in sample A. To 
corroborate the assumption of variation in the carrier density, we collected the Raman spectra 
at different location of the sample A (SI, Figure S6). The background of each spectrum shows 
variation in slopes. Variable background of Raman spectra revealed the fact that there could 
be a variation in intrinsic carrier density of each nanoparticle [50].
 
The variation in the 
intrinsic carrier density is attributed to the local growth conditions, structural defects, 
chemical impurities and internal strain in the particles. 
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Figure 5.  (a) Topography and corresponding (c) NSOM images of the sample B. NSOM 
images showing the strong extinction of the light at some of the nanoparticles and near-field 
enhancement around them.  (b) The zoomed scan of (a) and (d) being the corresponding 
NSOM image showing similar kind of topography and optical images. The correlated 
particles in topography and NSOM images are shown with circles and ellipses. (e) and (f) 
showing the line profile of scattered intensity across the nanoparticles indicated by the blue 
arrows. Raw data is shown in the supporting information (SI, Fig. S7). 
Topographic (Figures 5(a), 5(b)) and NSOM (Figures 5(c), 5(d)) images are shown 
for the sample B (grown at 620 
o
C). In contrast to the sample A, a significant absorption was 
observed in these nanoparticles. Line profiles of the scattered intensities are shown in figures 
5(e) and 5(f). There is a significant enhancement of the electric field intensity surrounding 
each nanoparticle along with the strong absorption at the same time. In case of the sample B, 
the distinct optical contrast in the NSOM images may be because of strong absorption of the 
light. Enhancement of the electric field surrounding each nanoparticle is attributed to the 
resonance kind of behavior of nanoparticles with the availability of sufficient free carrier 
density originating from the SEA in the system. The plasmonic behaviour of these 
nanoparticles is also confirmed by the Raman spectroscopic analysis (Figure 1(e)). The SEA 
behaves like absolute free carriers similar to metals supporting plasmonic features.  
 
Figure 6. (a) Topography and corresponding (b) NSOM images of the sample C. Similar 
kind of near-field enhancement around each nanoparticle, as in case of sample B, being 
observed in the NSOM image except for a prominent absorption around nanoparticles. Raw 
data is shown in the supporting information (SI, Fig. S8). 
 From the VBS of sample C, the surface sheet carrier density is found to be increased 
as compared to those for the samples A and B (Figure 3(a)). In addition, plasmon peak in the 
Raman spectrum is enormously strengthened because of the increase of surface sheet carrier 
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density in sample C (Figure 1(f)). As a result, the surface plasmon effects are expected to be 
more prominent in sample C. Figure 6 shows the topography (Figure 6(a)) and corresponding 
NSOM (Figure 6(b)) images of sample C collected at an arbitrary position. Similar kind of 
the optical contrast is also observed as in case of sample B (Figures 5(c) and 5(d)) with near-
field enhancement of electric field leading to prominent absorption around each nanoparticle. 
 Figures 7(a) and 7(b) reveal the topography and corresponding NSOM images of the 
sample C, respectively, scanned at another arbitrary area. Three dimensional (3D) NSOM 
image corresponding to the figure 7(b) is shown in figure 7(d). However, there is a striking  
  
 
Figure 7. (a, e) Topography and corresponding (b, f) NSOM images, respectively for the 
sample C (630 
o
C). (e, f) zoom in scan of (a, b); zoomed area is indicated by dashed lines. 
Periodic fringes are clearly observed because of the interference of generated and reflected 
SPPs. (c, g) line profiles of periodic fringes. The collected region is indicated by the blue 
arrows. (d, h) 3D images corresponding to (b, f). Additional 3D images are also shown (SI, 
Figure S9) in the supporting information. Raw data is shown in the supporting information 
(SI, Fig. S10). 
difference of the NSOM images of sample C as compared to the other samples. Periodic 
fringes are observed at each particle in the NSOM images instead of resonance kind of 
behaviour. The observed fringes are attributed to the excitation of the propagating SPPs 
(wavelength, p). The evanescent field produced by the sub-wavelength aperture excites the 
SPPs and they propagate towards the edge of the surface where they get reflected back. Thus, 
the observed fringes may be the result of the interference of the excited and back reflected 
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SPPs [18]. Further, the topography of zoomed scan (dashed area in figure 7(a)) is recorded 
(Figure 7(e)). Similar kind of fringes is also observed in the corresponding NSOM image 
(Figure 7(f)) along with its 3D view (Figure 7(h)). Thus, it may be suggested that fringes 
observed in NSOM images are because of excitation of SPPs and not from any topography 
related artifacts. The line profile of the fringes corresponding to selected nanoparticles is 
shown in the figures 7(c) and 7(g). The periodicity of fringe (), which is related to the 
wavelength of SPPs ( = p/2), is calculated as 250 nm and 137 nm for the figure 7(c) and 
7(g), respectively. Thus, the p is calculated as the 500 nm and 274 nm for the figures 7(c) 
and 7(g), respectively. The variation in the SPP wavelength for different nanoparticles is 
attributed to the variation in the carrier density of individual nanoparticles [51]. Origin of the 
SPPs must be attributed to the 2DEG of the SEA. This is further corroborated by the 
observed 2D plasmon peak in the Raman spectra (Figures 1(e) and 1(f)). Two-dimensional 
nature of electron gas and very high sheet carrier density are the sole reasons for the 
observation of the very small SPP wavelengths. Similar kind of shortening of SPP 
wavelength around forty times as compared to the excitation wavelength is reported in case 
of graphene [18, 19]. Moreover, in the present case, the possibility of excitation of SPPs with 
high excitation energy is attributed to the unique nature of band bending at InN surface. The 
surface downward band bending prevails, as the EF is pinned into conduction band. The EF is 
pinned to 2.9 eV above the valence band maximum near surface region (Figure 3(a)), which 
forbid the interband transitions with a given excitation of 2.32 eV (532 nm). Moreover, sheet 
carrier density possesses the metallic nature because of 2D nature of electron accumulation. 
Finally, the generation and stability of SPP are attributed to 2D plasmonic nature and unique 
surface band bending.  
In order to confirm that the fringes observed are because of wave nature of SPPs, 
NSOM imaging is further performed in another area of sample C which shows the 
topography (Figure 8(a)) and corresponding NSOM (Figure 8(b)) images. However, from the 
topographic images, it is revealed that nanoparticles are within clustered regions.  
Interestingly, the NSOM images show interference fringes between particles.   
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Figure 8. (a) Topography and corresponding (b) NSOM images of nanostructures of the 
sample C. Destructive interference of SPPs (in the dash-dotted area) generated by two 
adjacent InN nanoparticles is clearly observed. (c) Topography and corresponding (d) NSOM 
images show the zoomed image of the region revealing destructive interference (indicated by 
arrow marks). Corresponding 3D images are also shown in (e) Topography and (f) NSOM 
images. Raw data is shown in the supporting information (SI, Fig.S11). 
These fringes are distributed in a way such that bright regions are seen at the edges and dark 
regions even at the top of the particle where there is the largest height in the topography.  
Thus, the contrast in the optical image cannot correlate to the topographic height effect of the 
nanostructures as it shows opposite character.Thus, the possible likely explanation is that the 
SPPs are generated by the cluster of nanoparticles which acts as a continuous medium. The 
interaction is clearly supported by the observed destructive interference between SPPs 
generated by the two adjacent nanoparticles in the cluster, as shown clearly in the dash-dotted 
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areas (Figure 8(b)).  In essence, the observation of the destructive interference further 
confirms that the recorded fringes are because of the SPPs generated by the accumulated 
surface electron of InN and not related to any other phenomena. The zoomed image of one of 
the regions revealing destructive interference (indicated by arrow mark) is shown in the 
topography (Figure 8(c)) and corresponding NSOM (Figure 8(d)) images.  Corresponding 3D 
views are also shown for its topography (Figure 8(e)) and NSOM (Figure 8(f)) images. 
 In the present case, even though nanostructures possesses SEA, the SPP generation is 
not observed in every nanostructure as observed in the NSOM images of samples grown 
>620 
o
C . In order to support the SPP propagation, nanostructure must have sufficient plane 
area on the surface normal to the excitation. In case of small nanostructures (size <p), 
resonance enhancement around the nanoparticles is observed instead of generation of the SPP 
(Figure 5 and Figure 6). The observation of resonance enhancement is attributed to the 
generation of localized modes when the surface area less than p. Similar kind of resonance 
enhancement is also observed in case of the tapered graphene nanostructures [19]. As a result, 
we observed the SPP generation in few of the NSOM images where the nanostructures have 
sufficient plane area on the surface. The large area FESEM image of sample C is shown in SI 
(Figure S12). The encircled areas show the nanostructures with large facets with area > 
(600400) nm2. Thus, the observed SPP is attributed to one of those large faceted 
nanostructures. This is further corroborated by the topographic image of AFM shown in 
figures 7(a) and 7(e). 
Conclusions 
As a summary, we explored the plasmonic properties of InN nanostructures by the real space 
imaging of the surface plasmons, for the first time, using the near-field scanning optical 
microscopy (NSOM). Plasmonic properties of InN are attributed to the two dimensional 
electron gas (2DEG) of surface electron accumulation (SEA). For this purpose, InN 
nanostructures were grown with varying sheet carrier density by varying the growth 
temperature. Variation in the surface sheet carrier density enables tailoring of the plasmonic 
properties of InN. The frequency of 2DEG corresponding to SEA is found to be in the THz 
region.  Samples with the presence of SEA show resonance kind of behavior demonstrating 
near-field enhancement of light, as well as the propagating surface plasmon polaritons (SPPs) 
in NSOM images. The wavelength of SPPs, generated by InN nanoparticles, is estimated to 
be in the range of 274-500 nm. Shortening of SPP wavelength is attributed to 2D nature of 
the electron gas in SEA. Thus, InN can be a potential plasmonic material in THz plasmonic 
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region, for which plasmonic properties can be tailored using the variation of carrier density in 
the SEA. Well organized InN nanostructures can even be utilized in the sub-wavelength 
photonic devices. 
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Supporting Information  
 
 
Figure S1. GIXRD patterns showing hexagonal phase (JCPDS card # 00-050-1239) of InN 
nanostructures grown at three different temperatures.  
 
 
Figure S2. Schematic of NSOM technique used for the study of near-field optical properties 
of InN nanostructures. 
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Figure S3. Variation of 2D plasmon peak freqency with increasing growth temperature.  
 
 
Figure S4. Schematic band diagrams for samples A, B and C illustrating the downward band 
bending of samples grown at high temperature. The band bending values are based on the 
estimates from UV photoemission spectroscopy (UPS) studies in Figure 3a of the manuscript 
and discussion there in. 
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Figure S5. Raw data corresponding to Fig. 4 
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Figure S6. Raman spectra collected at arbitrary positions of the sample A (580 
o
C), showing 
the variable slope in the Raman background. Raman background qualitatively indicates about 
the amount of carrier density in the system. As the Raman spectrum collected using high 
numerical aperture (0.95) lens, the laser spot size (360 nm) covers barely one or two 
nanoparticles. In other words, there is a variable carrier density in the individual 
nanoparticles which is revealed from the observed Raman spectra collected at different spots 
in the micrograph.  
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Figure S7. Raw data corresponding to Fig. 5 
 
Figure S8. Raw data corresponding to Fig. 6 
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Figure S9. Topography (a, b) and, corresponding NSOM (c, d) and their respective 3D 
images (e, f), respectively for sample C (630 
o
C).  Figure (b) is zoomed scan of (a) 
corresponding to the dashed area. Figures (g, h) are the zoomed 3D NSOM images of the 
single particles, indicated by arrow marks.  
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Figure S10. Raw data corresponding to Fig. 7 
 
Figure S11. Raw data corresponding to Fig. 8 
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Figure S12. Large area FESEM micrograph of InN nanostructures grown at 630 
o
C. 
Encircled areas show large faceted nanostructures.   
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Methodology for the determination of surface electron accumulation 
Existence of surface electron accumulation (SEA) in InN is proved by several experimental 
techniques.
13 
However, high resolution electron loss spectroscopy (HREELS) and 
photoemission spectroscopy (XPS or UPS) are proven to be efficient techniques for studying 
the surface electronic properties. In the former technique of HREELS, one can study 
electronic properties of the complete space charge region by varying incident electron energy. 
The evidence of electron accumulation appears from the red shift of plasmon related peaks in 
the electron energy loss spectra with increasing incident electron energy.
2
 In the later case of 
XPS or UPS study, valence band spectra are collected with respect to the Fermi level (EF) 
and the position of the valence band (VB) maxima is determined by extrapolating the leading 
edge of VB spectrum. SEA is inferred by the position of EF. If the EF is located in the 
conduction band, there can be downward surface band bending with the accumulation of 
surface electrons.
2,3
 Amount of surface sheet carrier density is inferred from the amount of 
Fermi level pinned into the conduction band. In addition to these, both Raman and PL 
spectroscopic studies also provide considerable information regarding the SEA in a simple 
and quick manner.
4,5 
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